To determine the essential parameters for mesophase formation in imidazolium-based ionic liquids (ILs), a library of 1-alkyl-3-dodecylimidazolium bromides was synthesized, abbreviated as CnC12, where 0 ≤ n ≤ 13, as the general notion is that a dodecyl side chain would guarantee the formation of an ionic liquid crystal (ILC). All salts were fully characterized by NMR spectroscopy and mass spectrometry. Their thermal properties were recorded, and mesophase formation was assessed. An odd−even effect is observed for 5 ≤ n ≤ 10 in the temperatures of melting transitions. While the majority of this series, as expected, formed mesophases, surprisingly compounds C2C12 and C6C12 could not be classified as ILCs, the latter being a room temperature IL, while C2C12 is a crystalline solid with melting point at 37°C. The single crystal structure of compound 1-ethyl-3-dodecylimidazolium bromide (C2C12) was successfully obtained. Remarkably, the arrangement of imidazolium cores in the structure is very complicated due to multiple nonclassical hydrogen bonds between bromide anions and imidazolium head groups. In this arrangement, neighboring imidazolium rings are forced by hydrogen bonds to form a "face-to-face" conformation. This seems to be responsible for the elimination of a mesophase. To conclude, the general view of a dodecyl chain being a functional group to generate a mesophase is not entirely valid.
INTRODUCTION
Ionic liquid crystals (ILCs) are a class of ionic liquid (IL) materials possessing the ability to form a liquid crystalline state. The liquid crystalline state is an intermediate state between perfect ordered crystalline solid state and that of the total disordered liquid state. The molecules in this state are ordered along at least one spatial coordinate. 1 ILCs are ionic compounds and are also amphiphiles in general. Their physiochemical properties such as melting points, viscosity, conductivity, and lipophilicity can be tuned by varying cation and anion combinations like in ILs. 2 The combination of the partially ordered properties and IL features of these amphiphilic compounds has rendered them one of the most attractive materials. The physicochemical properties of ILCs have been extensively studied based on their structural changes. 3−7 The importance of ILCs has been realized in diverse applications, such as ion-conductive materials, 8 organized reaction media, or self-assembled nanostructured materials. 1, 9, 10 Thanks to the formation of ordered domains, in which reactions could occur, if used as reaction media ILCs may supply an additional reaction control. 11−14 In addition, ILCs may also exhibit catalytic activities and/or play an important role in selectivity. 15 For example, ILCs and long chain alkyl ILs have been used in an "ILC-SILP" (SILP: supported ionic liquid phases) concept for a "medium induced selectivity" during Ni-NHC-catalyzed olefin dimerization. 16, 17 Although they are also highly attractive functional materials and have attracted significantly increasing interest in recent years, ILCs have not received the same indepth attention.
Nowadays, imidazolium-based cations are by far the most popular examples for both ILs and ILCs. 18−21 The correlation between the properties and structural changes of imidazoliumbased ILs has been systematically investigated, regarding a wide variety of changing cationic and anionic structures. 3, 4, 6 The fundamental understanding of the effect of alkyl groups on physiochemical properties, including thermal behavior, viscosity, density, and microscopic ion dynamics has been reported. According to the findings of us and others, 22 a dodecyl unit could be considered as a functional group responsible for liquid crystalline behavior; that is, for 1-alkyl-3-methylimidazolium, mesomorphism can be observed when the alkyl chain contains 12 or more carbon atoms. 6 However, with regard to these long chain-bearing ILs, only 1-alkyl-3-methylimidazolium and symmetrical 1,3-dialkylimidazoliums (where alkyl ≥ dodecyl) have been investigated for their ILC behavior. Only little is understood with respect to the fundamental aspects of LC formation from asymmetric long chain 1,3-dialkylimidazolium compounds. Correlation of varying alkyl chain length with the changes in physicochemical properties of ILs bearing one dodecyl unit still needs to be explored to facilitate the molecular design of ILCs. Furthermore, previous investigations of imidazolium-based ILs and ILCs have mostly focused on even numbered chain lengths; ILs or ILCs with odd number alkyl chains are very seldom reported.
For this reason, a series of 1-alkyl-3-dodecylimidazolium bromides ([CnC12IM]Br, n = 0 − 13) was investigated. The influence of these systematic structural variations on the physicochemical properties was studied, focusing on their thermal behavior and liquid crystalline properties. The thermal and structural properties were investigated via differential scanning calorimetry (DSC), polarizing optical microscopy (POM), and temperature dependent X-ray diffraction (SAXS).
For convenience, we use the same designations for the compounds as is used in our previous report. 22 The compounds are named by the number of carbon atoms in the two alkyl chains at the first and third positions of the imidazolium ring. For example, [C5IMC12]Br, 1-pentyl-3-dodecylimidazolium bromide, as C5C12 and [C6IMC12]Br, 1-hexyl-3-dodecylimidazolium bromide, as C6C12.
EXPERIMENTAL SECTION
2.1. Sample Preparation. The synthesis and sample handling of anhydrous salts were carried out using standard Schlenk and argonglovebox techniques. All the bromide compounds were hygroscopic. The samples were dried under 10 −6 mbar at 60°C for 3 days. All the sample preparations for further analytics were carried out in an argonglovebox.
2.2. Synthesis. Acetonitrile (99.5%), ethyl acetate (95%), methanol (99%), dichloromethane (99.9%), and tetrahydrofuran (extra dry, >99%) were used as received from J.T. Backer (Deventer, Holland). Hydrobromic acid (47%) was obtained from Merck (Darmstadt, Germany). 1-Propylimidazole (98%), 1-hexylimidazole (98%), and 1-octylimidazole (98%) were purchased from IoLiTec (Heilbronn, Germany). 1-Ethylimidazole (95%), 1-butylimidazole (98%), imidazole (99.5%), sodium hydride (95%), and all 1bromoalkanes were purchased from Sigma-Aldrich (Steinheim, Germany). All chemicals were used as received without further purification.
1-Dodecylimidazole was synthesized using a reported procedure. 20 After the purification procedure, the product was obtained as a yellowbrownish oil. Experimental details are provided in Supporting Information. Yield = 71%. 1 [C0C12]Br was prepared by dropwise addition of a slight excess of concentrated hydrobromic acid (4 mL) to 1-dodecylimidazole at 0°C (1.0 g, 4.2 mmol) in diethyl ether. The bromide salt precipitated as a white solid after cooling at −30°C overnight. Unlike [C0C13]Br, 22 [C0C12]Br was highly hygroscopic. The product was filtered under inert environment, washed repeatedly with ethyl acetatem and dried in a vacuum for at least 3 days at 60°C. Yield = 48%. 1 C5C12, C7C12, C9C12, C10C12, C11C12, C12C12, and C13C12 were synthesized with the general method for 1,3-dialkylimidazolium bromides via direct alkylation of the respective 1-dodecylimidazole with alkyl bromide in a 1:1.1 molar ratio in acetonitrile. 23 Syntheses of C1C12, C2C12, C3C12, C4C12, C6C12, and C8C12 followed the same procedure except 1-methylimidazole, 1-ethylimidazole, 1-propylimidazole, 1-butylimidazole, 1-hexylimidazole, and 1-octylimidazole were alkylated using 1-bromododecane.
Compounds C0C12, C1C12, and C2C12 were obtained as crystalline solids; compounds C3C12, C4C12, and C5C12 are viscous room temperature ionic liquids (RTILs); C6C12 is obtained as a crystalline solid, while C7C12, C8C12, C9C12, and C10C12 are viscous liquids or wax-like solids. The analytical data are reported below.
[C1C12]Br was synthesized from 1-methylimidazole (2.5 g, 30.0 mmol) and 1-bromododecane (8.3 g, 33.0 mmol). Yield = 91%. 1 [C2C12]Br was synthesized from 1-ethylimidazole (3 g, 29.6 mmol) and 1-bromododecane (7.4 g, 30.0 mmol). Yield = 90%. 1 [C3C12]Br was synthesized from 1-propylimidazole (2.5 g, 23.4 mmol) and 1-bromododecane (6.3 g, 25.7 mmol). Yield = 72%. 1 [C4C12]Br was synthesized from 1-butylimidazole (3 g, 24.2 mmol) and 1-bromododecane (6.6 g, 26.6 mmol). Yield = 84%. 1 [C5C12]Br was synthesized from 1-dodecylimidazole (3 g, 12.7 mmol) and 1-bromopentane (2.1 g, 13.9 mmol). Yield = 84%. 1 [C6C12]Br synthesized from 1-hexylimidazole (3 g, 19.3 mmol) and 1-bromododecane (5.0 g, 20.0 mmol). Yield = 84%. 1 [C7C12]Br was synthesized from 1-dodecylimidazole (3 g, 12.7 mmol) and 1-bromoheptane (2.5 g, 13.9 mmol). Yield = 84%. 1 [C9C12]Br was synthesized from 1-dodecylimidazole (3 g, 12.7 mmol) and 1-bromononane (2.9 g, 13.9 mmol). Yield = 91%. 1 [C10C12]Br was synthesized from 1-dodecylimidazole (3 g, 12.7 mmol) and 1-bromodecane (3.1 g, 13.9 mmol). Yield = 90%. 1 [C11C12]Br was synthesized from 1-dodecylimidazole (3 g, 12.7 mmol) and 1-bromoundecane (3.3 g, 13.9 mmol). Yield = 90%. 1 [C12C12]Br was synthesized from 1-dodecylimidazole (3 g, 12.7 mmol) and 1-bromododecane (3.5 g, 13.9 mmol). Yield = 85%. 1 [C13C12]Br was synthesized from 1-dodecylimidazole (2 g, 9.5 mmol) and 1-bromotridecane (2.8 g, 10.5 mmol). Yield = 88%. 1 2.4. ESI Mass Spectra. were recorded on an Esquire 6000 instrument (Bruker, Karlsruhe, Germany) applying the following parameters: sputtering voltage 4 kV; nebulizer pressure 10−20 psi; drying gas 5−10 L/min, 300°C; flow rate 240 μL/h. For all mass spectrometric measurements, the ILs samples were prepared as 1 mg/ mL solutions in acetonitrile.
2.5. Crystal Structure Analysis. Crystals of [C2C12]Br were obtained by cooling the molten compound to room temperature. Suitable single crystals were sealed in Lindeman glass capillaries. All data were collected on a Stoe IPDS-I single-crystal X-ray diffractometer with graphite monochromated Mo Kα radiation (λ = 0.71073 Å at 170 K). Crystal structure solution by direct methods using SIR 92 yielded the heavy atom positions. Refinement with SHELXL-97 allowed for the localization of the remaining atom positions. Hydrogen atoms were added and treated in the riding atom mode. Data reduction was carried out with the program package X-Red, and numerical absorption correction was carried out with the program X-Shape. To illustrate the crystal structures, the program Diamond 3 was used.
2.6. Temperature-Dependent SAXS Experiments. Small-angle X-ray scattering (SAXS) measurements were carried out at the A2 Beamline of DORIS III, Hasylab, DESY, Hamburg, Germany, at a fixed wavelength of 1.5 Å. The data were collected with a MarCCD detector. The detector was calibrated with silver behenate. The sample−detector position was fixed at 635.5 mm. For measurements, the samples were placed in a copper sample holder between aluminum foil. The sample temperature was controlled by a JUMO IMAGO 500 multichannel process and program controller. Data reduction and analysis, correction or background scattering and transmission were carried out by using the program a2tool (Hasylab).
2.7. Differential Scanning Calorimetry (DSC). The DSC measurements were performed with a computer-controlled Phoenix DSC 204 F1 thermal analyzer (Netzsch, Selb, D) with argon as protection gas. The samples were placed in aluminum pans which were cold-sealed under argon. Experimental data are displayed in such a way that exothermic peaks occur at negative heat flow and endothermic peaks at positive heat flow. DSC runs included heating and subsequent cooling at 5°C/min. Given temperatures correspond to the onset of the respective thermal process.
2.8. Polarizing Optical Microscopy. The POM pictures of mesophases were acquired with an Axio Imager A1 microscope (Carl Zeiss MicroImaging GmbH, Goẗtingen, Germany) equipped with a hot stage, THMS600 (Linkam Scientific Instruments Ltd., Surrey, UK), and a Linkam TMS 94 (Linkam Scientific Instruments Ltd., Surrey, UK) temperature controller and crossed polarizers. Images were recorded at a magnification of 100× as video with a digital camera after initial heating during the cooling stage. Heating and cooling rates were 5 K/min −1 . For the measurement, the samples were placed under argon between two coverslips which were sealed with two-component adhesive (UHU plus 300, UHU GmbH & Co. KG, Buḧl, Germany).
RESULTS AND DISCUSSION
3.1. Structural Analysis. Single crystals of compound C2C12 could be obtained from cooling the molten compound to room temperature in the form of flat, colorless needles. Experiments to obtain single crystals of the other compounds in this series of sufficient quality for X-ray structure analysis failed so far. Compound C2C12 crystallizes unexpectedly in the triclinic space group P(1̅ ) (No. 2), not isotypic with C2C11, 22 which crystallizes in the monoclinic space group P2 1 /c (No. 14) . Crystallographic data, data collection, and structure refinement details are given in Table 1 . The asymmetric unit contains three crystallographically independent [C2C12] + cations and three Br − as counterions ( Figure 1) . In contrast to compound C2C11, in which all undecyl chains form a linear structure of favored all-trans configurations, in C2C12 distinct differences conformations of each of the three crystallographically independent cations in the asymmetric unit are apparent.
One of the cations can be characterized by a rodlike shape with one dodecyl chain and one ethyl chain being almost perpendicular to the imidazolium core plane. Both starting C atoms in the two alkyl chains are located in the same plane as the imidazolium core. The dodecyl chain and imidazolium core plane form an angle (defined as the angle between the imidazolium ring centroid and the terminal C atom of alkyl chain) of 95°. The terminal C atom of ethyl chain is tilted with respect to the imidazolium ring at an angle of 111°. The dodecyl chain shows all-trans conformation, aside the bond between the first and the second C atoms, which exhibits a trans−gauche conformation with a torsion angle of 62°. The imidazolium core plane is almost parallel to the ab plane, forming an angle of 6°. In the second [C2C12] + cation, the angle between the dodecyl chain and imidazolium core plane increases to 143°. The terminal C atom of ethyl chain forms an angle of 110°with respect to the imidazolium. The dodecyl chain adopts an alltrans conformation. The imidazolium core plane tilts with respect to the ab plane at an angle of 59°.
The third [C2C12] + cation adopts a similar conformation to the second one, aside from a gauche conformation around the bond between the second and the third C atoms in the dodecyl chain, with a torsion angle of 74°. The angle between the imidazolium core plane and the ab plane is 76°.
The all-trans sections of the dodecyl chains belonging to the first and second cations lie in planes roughly parallel to one another and to the crystallographic a-axis, while that of the third cation lies roughly parallel to the crystallographic b-axis.
Compound C2C12 forms a layered structure, in which hydrophilic and hydrophobic regions can be observed. The hydrophobic regions are formed by interdigitated dodecyl chains of imidazolium cations with a repeating layer distance of 25.4 Å. Three cations form a unit, and units layer with different orientations (Figure 2) . The interdigitation is observed in both the crystallographic ac and bc planes. The hydrophilic regions are formed by the charged imidazolium cations with the ethyl chains and bromide anions. Nonclassical hydrogen bonds between cations and anions can be discussed. Five neighboring imidazolium rings can be connected to a bromide anion via hydrogen bonds. Not only the protic C-positions on the imidazolium cores but also protons from both starting C atoms on ethyl and dodecyl chains participate the hydrogen bonding (Figure 3, top) . The hydrogen bonds force the trication units to take the following conformation: the imidazolium ring in the first cation facing the imidazolium core in the third one, with a tilting angle of 70° (Figure 3, middle) ; the two imidazolium rings of the second cations stay parallel to each other and take a (Figure 3, bottom) . The hydrogen bonding interactions are summarized for clarity in Table 2. 3.2. Thermal Investigations. The thermal properties of all compounds were investigated by polarizing optical microscopy (POM) and differential scanning calorimetry (DSC). Thermal transitions are summarized in Table S1 (see Supporting Information). The existence of mesophases was examined with POM and SAXS measurements.
For clarity, we will discuss these compounds in five separate groups according to their characteristic thermal behavior.
The first group contains compounds C0C12, C1C12, and C2C12. Their DSC scans at 5 K/min are shown in Figure 4 .
All these three compounds show suppression of crystallization. In the first heating scan, the crystalline solids, as obtained from the synthesis, show a clear endothermic transition around 40°C, which can be identified as a melting point. In contrast to C2C12, compounds C0C12 and C1C12 exhibit a liquid crystalline state. For these two compounds, small endothermic transitions are apparent at 87°C for C0C12 and 100°C for C1C12, which can be determined to be liquid crystalline ↔ isotropic liquid (LC ↔ L) transitions. The LC ↔ L transitions for both C0C12 and C1C12 reverse in the cooling scans with almost the same enthalpies. An extensive supercooling of the crystallization process was observed for all three compounds. However, the enthalpy value of LC ↔ S transitions, or L ↔ S transition in the case of C2C12, is significantly smaller than the value from the heating scans. In the second heating runs, a cold crystallization process preceding the melting transitions is observed for C0C12 and C2C12, and for C1C12 two of these are observed. These effects could be determined as solid−solid transitions (S ↔ S) by POM and SAXS, due to an order−disorder transition of the long alkyl chains. All further heating cycles were reproducible and similar to the first cooling and second heating scans.
The second group is comprised of compounds C3C12, C4C12, and C5C12, which are liquids at room temperature and show liquid crystalline behavior during the second heating run at lower temperature. All the following heating and cooling DSC traces are identical to the traces from the first cycle. To elucidate the thermal behavior of these compounds, POM investigations were performed. The traces from second heating and cooling scans with the corresponding POM images are shown in Figure 5 . POM analyses of these samples consistently show the characteristic focal conical textures of a SmA phase. In the first cooling scans, C3C12, C4C12, and C5C12 crystallized at −39°C, −37°C, and −19°C, respectively. During the second heating, they show a liquid crystalline behavior after an endothermic peak (see POM image in Figure 5 ). Compound C4C12 exhibits even a cool crystallization prior to this S ↔ LC transition, which could be observed from the POM measurement. While the compounds C3C12 and C4C12 are situated in liquid crystalline state, another exothermic transition is observed before they melt into isotropic liquids. No visible change could be observed for this thermal effect by POM and SAXS measurements (vide infra). It could be associated to the formation of another mesophase with similar order. Since no texture changes have been observed in POM, we believe this unidentified mesophase could be considered as a smectic phase, too. For compound C5C12, a broad endothermic effect corresponding to a melting process appears at 7.5°C with a shoulder peak at 18°C, which can be considered as two back- to-back thermal effects. These two transitions are observed separately in the cooling scans, as a result of supercooling. This transition can be considered as the transition between the unidentified mesophases, SmX ↔ SmA. Surprisingly, compound C6C12 does not show any liquid crystalline properties. The thermal behavior corresponds to a typical IL. Crystals of C6C12 were obtained by recrystallization from solution. During the first heating DSC scan, a clear melting point is shown at 35°C. Once molten, the DSC shows only a glass transition in the thermal cycle. Obviously, the recrystallization from the melt is hindered. The thermal behavior of C6C12 illustrated in Figure 6 .
The fourth group contains compounds C7C12, C8C12, C9C12, and C10C12. Generally, the DSC traces are simple and show two transitions, the melting point (S ↔ LC transition) and the clearing point (LC ↔ L-transition). C7C12 and C8C12 show only a broad endothermic peak in the first heating scans, which is a result of two overlapping thermal effects. These two effects are observed separately in the cooling scans, due to supercooling. For C8C12, these two effects are visible as two successive narrow peaks in the second heating scan. Further heating and cooling cycles of C8C12 show thermal behavior identical to the first cooling and second heating scans. For C7C12, C9C12, and C10C12, all the subsequent thermal cycles are identical to the first heating cycle. The traces from the second heating cycle are shown in Figure 7 .
C11C12, C12C12, and C13C12 make up the final group. All of these compounds show only melting points (S ↔ LC transition) and clearing points (LC ↔ L-transition) in the first heating scans. In the cooling scan, they display crystal polymorphism. At lower temperature, multiple transitions are visible in the DSC traces, which can be attributed to crystal− crystal transitions. These thermal effects are reversed in the second heating run. For C12C12 and C13C12, exothermic S ↔ S transitions preceding the melting points are observed ( Figure  8 ).
The temperature range (obtained from the collected thermal data of the melting points (S ↔ LC or S ↔ L-transition) and clearing points (LC ↔ L-transition)) of mesophase for all the compounds is shown in Figure 9 . Two significant trends for both melting point and clearing point are observed on either side of n = 6: for 1 ≤ n ≤ 5 the transition temperatures decrease with increasing chain length; after n < 6, the inverse trend is observed. This effect is in agreement with the observations of Rocha et al. for 1-alkyl-3-methylimidazolium bis-(trifluoromethanesulfonyl)imide salts. 24 Inverse trends both in enthalpies and entropies with the increase of the cation alkyl chain length either side of 1-hexyl-3-methylimidazolium cation have been reported. The trend changes around n = 6 can be related to structural modifications and indicate the beginning of a new regular type of molecular interaction. The falling trends up to n = 6 can be explained by considering the decreasing van der Waals forces between the long alkyl chains, as shorter alkyl chains are brought into and disrupt the highly ordered dodecyl chain stacks. The discontinuity observed at n = 6 could be due to compensation of destructive interactions from disorder of shorter alkyl chains by cohesive forces from ordered dodecyl groups could be packed into a crystal lattice almost as well as methyl or ethyl groups, offering an explanation for the discontinuity at this value. The same effect of hexyl groups has been observed by Dzyuba et al. for symmetrical 1,3dialkylimidazolium hexafluorophosphate. 25 A well-packed crystal lattice probably exhibiting low flexibility, could explain why C6C12 is not favored for mesophase formation. In addition, we observed a distinct odd−even effect for 5 ≤ n ≤ 10 in the melting transitions, which is reflected in the state of the compounds at room temperature. The melting points of the compounds with even n are higher than their immediate neighbors with odd lengths of n. C5C12, C7C12, and C9C12 exist as viscous but fluid liquids, while C6C12, C8C12, and C10C12 are wax-like solids (Figure 10 ). This phenomenon is contrary to the even−odd effect discussed by Holbrey and Seddon for 1-alkyl-3-methylimidazolium with long chains. 6 Our observation could be a reflection of the ion dynamics in ILs, which has also been observed for viscosity with a similar even− odd effect. 26 A high local order in systems with even chain lengths observed by MD simulations was reported by Wang and Voth; they showed the diffusion constants of compounds with odd alkyl chain lengths are smaller than the diffusion constants of compounds with even chain lengths. 27 In contrast, the clearing points increase rapidly with rising n, for n ≥ 7, and no even−odd effect is observed.
3.3. Mesophase Investigations with POM and SAXS. Liquid crystalline mesophases were observed during the process of heating and cooling for all compounds except C2C12 and C6C12. The temperature ranges and the existence of the aforementioned mesophases for the 12 compounds were confirmed by polarizing optical micrographs and X-ray scattering in the small angle range. The corresponding POM images for all the mesogens are shown in Figure 11 . Compounds C0C12, C5C12, C8C12, and C12C12 show an oily streak texture, and the other compounds show a focal conic fan texture. Both textures indicate a smectic mesophase. The layer spacing distances d of all the compounds in the crystalline states and the ionic liquid crystalline phases are summarized in Table 3 .
The SAXS data supply an insight into the alignment in crystalline and liquid crystalline states. For clarity, the layer spacing distances d of all the compounds in the crystalline states and the ionic liquid crystalline phases are plotted with n, the length of the varying alkyl chain is shown in Figure 12 . As is well-known, imidazolium-based ILs with long alkyl chains form layered structures by interdigitating the long alkyl tails. During heating and cooling processes, the rod-shaped molecules move along the alkyl axis, so that the attractive van der Waals forces maintain a mesophase formation. 28 The layer spacing increases on transforming from the crystal to the mesophase for compound C0C12, C1C12, C12C12, and C13C12, which indicates that the structure undergoes a formation of smectic A phase by decreasing the angle of tilt with respect to the layer normal and/or decreasing of the interdigitated region. For compounds C7C12, C8C12, C9C12, C10C12, and C11C12, the layer spacing in the mesophase is smaller than the layer spacing in the crystal. This indicates that in the mesophase, the alkyl chains of cations are tilted with respect to the layer normal. In this way, a smectic C phase is formed. Smaller d values in the crystalline state indicate a high extent of alkyl chain interdigitation, which creates greater cohesive intermolecular interactions. These strong interactions lead to a higher melting point. The d values in crystalline phases for compounds C3C12, C4C12, and C5C12 could not be measured, since their crystallizations occur at very low temperatures, which were not accessible under the given experimental conditions. The structural relationship between the crystalline and liquid crystalline states can be discussed for n ≤ 2 and 6 ≤ n ≤ 13. The layer spacing increases by ca. 4 Å from C0C12 to C1C12. It could be argued as a consequence of the reorganization due to the addition of a methyl group. The layer distance increases from n = 1 to n = 2 by around 1.5 Å, corresponding roughly to the length of a −CH 2 − group. The lowest d value is observed for n = 6. This confirms the previous declaration: Hexyl groups pack well into the crystal lattice. Full interdigitation is necessary to counteract the destructive interactions. From n = 7 to n = 9, the value of d rises again by 1.5 Å with the addition of each methylene unit. The lower value at n = 10 compared to its immediate neighbors with odd alkyl chain lengths is indicative of significant interdigitation of alkyl chains and thus fortified van der Waals forces. This is in agreement with our observation of a higher melting point. The dramatic fall of around 8.5 Å from n = 11 to n = 12 and the sharp rise of 5 Å from n = 12 to n = 13 could possibly be associated with a twist of the alkyl chains, meaning that the molecules adopt a V-shape instead of linear rod shape. Formation of a V-shape for compound [C12C12]I has been reported by Wang et. al. 29 Since the layer spacing of C0C12 and C12C12 is quite similar, we believe their alkyl chains must be tilted with respect to the layer normal at the same angle. The conformations of these two compounds are illustrated in Figure 13 . 
CONCLUSIONS
We have attempted to determine the essential parameters for mesophase formation of imidazolium-based ILs by varying the cation geometry. According to the results from previous report, 22 N-dodecyl chains appear to be essential for mesomorphic behavior. Therefore, a library of 14 1-alkyl-3dodecylimidazolium based bromides salts was synthesized. The thermal transitions and liquid crystalline behavior have been studied by DSC, POM, and SAXS. The structure of compound C2C12 could be obtained from the single crystal X-ray analysis.
Compound C2C12 crystallizes in the triclinic space group P(1̅ ) (No. 2). The asymmetric unit contains three cations with distinct conformations in contrast to compound C2C11, 22 in which all undecyl chains form a linear moiety of favored alltrans configurations.
All the compounds can be considered as ILs, as their melting points are below 100°C. Thermotropic liquid crystalline behavior can be observed for all the compounds except C2C12 and C6C12. On the basis of their distinct thermal behavior, these salts can be described in four groups: (i) materials with surpressed crystallization; (ii) compounds that are liquid at room temperature and exhibit cold crystallization during the second heating run at lower temperature (≤−20°C); (iii) C6C12, an IL exhibiting a melting point in the first heating scan and only glass transitions in following heating cycles; (iv) compounds displaying crystalline polymorphism at lower temperature.
The variation of the melting points with chain length n, where n is the length of the varying alkyl chain, shows clearly two trends: For 1 ≤ n ≤ 5, the melting point decreases with increasing n. This can be explained by considering the decreasing van der Waals forces between the long alkyl chains, as shorter alkyl chains are brought into and disrupt the highly ordered dodecyl chain stacks.
The trend changes around n = 6 can be related to structural modifications and indicate the beginning of a new regular type of molecular interaction. For n > 6, the melting points increases with increasing n, due to the increasing van der Waals forces between the long alkyl chains by addition of −CH 2 − group. Furthermore, we observed an odd−even effect for 5 ≤ n ≤ 10 in the melting transitions. The fact that the melting points of the compounds with even n are higher than their immediate neighbors with odd lengths of n is surprising at first glance but can be rationalized in terms of ion dynamics and in light of MD simulations. 26, 27 The liquid crystalline properties of mesomorphic compounds were examined by differential scanning calorimetry and polarized optical microscopy. Combing the informations obtained from POM images and X-ray scattering experiments at small angle range, the mesophases that they form can be identified as the smectic phase for these compounds. Observations from SAXS measurements indicate that C0C12, C1C12, C12C12, and C13C12 form smectic A phase, while C7C12, C8C12, C9C12, C10C12, and C11C12 show smectic C formations. Unequivocal mesophase identification for compounds C3C12, C4C12, and C5C12 is not possible due to the low temperature transitions lying beyond experimental limits.
Finally, no thermic mesophase formation was observed for C2C12 and C6C12. However, both of the compounds contain dodecyl units, which should according to our conclusions from section 2 arouse a mesophase. This indicates the inadequacy of a dodecyl group in guaranteeing mesophase formation. Crystal structure analysis shows for C2C12 a bilayer lamellar structure with a separation of hydrophobic (alkyl chains stacks) and hydrophilic (imidazolium head groups) regions in the cations. Remarkably, the arrangement of imidazolium cores in the hydrophilic parts is very complicated, due to multiple nonclassical hydrogen bonds between bromide anions and imidazolium head groups, which hinder intensive interdigitations of long chains. Therefore, we propose that a similar system with less hydrogen bonds in the hydrophilic region could improve liquid crystalline properties. Our further work will focus on reducing the number of H-bond donors in the hydrophilic core by replacing the 2-H proton on the imidazolium cation by a methyl group. Additional experiments on similar 2-methylimidazolium-based ILs bearing a dodecyl group with different sizes and symmetries are required to gauge the importance of such H-bond interactions.
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Notes Figure 12 . Schematic representation of the layer spacing distances d [Å] of all the compounds in the crystalline and the ionic liquid crystalline states. The layer spacing in crystalline states is plotted in black and in liquid crystalline phases in red. Only the d values obtained from the (001) reflections are shown. For compounds C2C12 and C6C12, no mesophase was observed. For compound C3C12 and C4C12, and C5C12, no layer spacing could be measured due to the experimental limits and low crystallization temperatures. For compounds exhibiting more than one crystalline polymorph at low temperatures, only the d spacing at room temperature was given. 
